Precise regulation of Hox gene activity is essential to achieve proper control of animal embryonic development and to avoid generation of a variety of malignancies. This is a multilayered process, including complex polycistronic transcription, RNA processing, microRNA repression, long noncoding RNA regulation and sequence-specific translational control, acting together to achieve robust quantitative and qualitative Hox protein output. For many such mechanisms, the Hox cluster gene network has turned out to serve as a paradigmatic model for their study. In this review, we discuss current knowledge of how the different layers of post-transcriptional regulation and the production of a variety of noncoding RNA species control Hox output, and how this shapes formation of developmental systems that are reproducibly patterned by complex Hox networks.
Introduction
Hox genes are key regulators of patterning processes during animal embryonic development, also playing important roles in a variety of physiological and pathological processes in the adult animal. The high conservation in function and sequence across phyla makes Hox genes a central component of the so called 'Evo-Devo gene toolkit'. Indeed, it is thought that changes in their spatio-temporal expression during development are at the core of the mechanisms shaping both the highly conserved anatomical structure within a given species and the morphological diversity observed across different animal phyla.
In almost all bilaterian species, Hox genes are organized in clusters, although the number of genes and specific cluster organization varies widely among species (Duboule, 2007) . It is thought that the Hox clusters of extant animals originated from a common ancestral single cluster that evolved differently through the various branches of the animal phylogenetic tree (Garcia-Fernàndez, 2005) . One of the best studied invertebrate example is Drosophila, where the ancestral cluster was split into two complexes known as the Antennapedia and Bithorax complexes (ANT-C and BX-C respectively). In vertebrates, on the other hand, the ancestral cluster underwent a series of duplications followed by gene loss and compaction to generate a variety of cluster arrangements. Mice, for instance, have 39 Hox genes distributed in four clusters, each containing a unique subset of 13 Hox gene paralogs. Teleost lineages have additional sets of Hox clusters resulting from an additional round of genome duplication. The best studied case is that of the zebrafish that contains seven recognizable Hox clusters.
Although classic studies of Hox gene regulation and activity were mostly centered on the protein-coding genes, it was soon recognized that transcription within the Hox clusters was not limited to those transcriptional units (Lipshitz et al., 1987) . The improvement of sequencing capabilities revealed that the portion of noncoding transcripts produced from the Hox clusters is far greater than initially appreciated (Mainguy et al., 2007; Rinn et al., 2007) . These studies also showed that the noncoding transcripts, which include both microRNAs (miRNAs) and long noncoding RNA (lncRNA) transcribed in both sense and antisense directions, are produced from the Hox clusters of all species analyzed. Indeed, some of these noncoding elements have been conserved together with the Hox-coding genes throughout evolution, further supporting the common origin of the clusters and revealing evolutionary routes affecting the fate of particular Hox clusters. For instance, the presence of one such element, a lone Hox-embedded miRNA, informs of the transient presence of the missing eighth cluster in the zebrafish genome (Woltering and Durston, 2006) .
In this review we will take a closer look at the different RNA species transcribed from Hox clusters, focusing on what can be considered non-canonical transcripts. We will review alternative processing events that occur on Hox gene mRNAs and describe other types of RNA transcripts arising from the Hox clusters, such as miRNAs or lncRNAs. We will also try to summarize current views about the possible impact that these RNA species might have on Hox gene expression and function.
Canonical and non-canonical Hox mRNAs
While outnumbered by noncoding transcripts, Hox mRNAs are considered the major drivers of Hox function by specifying the amino acid sequence of protein effectors. After transcription, Hox pre-mRNAs undergo important processing events that can diversify their output and regulate quantitative protein production. For instance, alternative splicing can generate mRNA variants coding different protein products. Also, relevant information is encoded in the untranslated regions (UTRs) that include sequences regulating both stability and translational efficiency of the mRNAs. In this section, we will describe some of the regulatory mechanisms acting on Hox mRNAs that bear the potential to impact Hox protein function and expression profiles, thereby expanding the coding capacity of the Hox genome.
Alternative splicing of Hox mRNAs originate protein isoforms
In contrast to the complex architecture of the Hox clusters, individual Hox genes usually show a remarkably simple organization. With the exception of the presence of microexons in some species, Hox genes generally contain a single intron, splitting the gene in two exons (Exon I-Intron-Exon II), with the 3' exon coding for the homeodomain (HD). Despite the apparent simplicity of their structure, a series of molecular analyses have shown that Hox genes may undergo complex processes of alternative intron-splicing.
The Drosophila Ubx gene is a well-studied case of alternative splicing. The Ubx transcriptional unit includes, in addition to the canonical Exon I and Exon II, two additional internal microexons (O'Connor et al., 1988; Kornfeld et al., 1989) . The presence of these extra microexons, together with two alternative splice donor sites in Exon I, can originate six different Ubx coding sequences ( Fig. 1A ) (O'Connor et al., 1988; Kornfeld et al., 1989; Reed et al., 2010) . Notably, the characterization of Ubx transcript maturation led to the discovery of a new concept of splicing, known as recursive splicing. Recursive splicing represents a mechanism whereby portions of a large intron can be spliced out sequentially, rather than in a single excision step (Hatton et al., 1998; Burnette et al., 1999) . While other examples of recursive splicing have been identified in diverse transcriptional units of both invertebrates and vertebrates, in the Hox environment Ubx seems to be the only gene undergoing this process, despite the presence of microexons in other Hox genes.
Canonical RNA splicing events have been shown to generate four different coding sequences from the Drosophila Antp gene, through the inclusion or exclusion of microexons coding for 13 and 4 amino acids, located between the two major exons (Laughon et al., 1986; Stroeher et al., 1986; Bermingham and Scott, 1988) . Remarkably, the alternative splicing processes identified in the Antp and Ubx genes introduce variations in the linker region of the protein (LR; the region connecting the hexapeptide motif to the HD), suggesting functional significance, as the LRs contribute actively to the functional properties of Drosophila Hox proteins (Gebelein et al., 2002; Merabet et al., 2003; Reed et al., 2010; Papadopoulos Navas et al., 2011) . Interestingly, it has been reported that these alternatively spliced transcripts might be distributed according to temporally regulated and tissue specific patterns (Lopez and Hogness, 1991; Lopez et al., 1996) , further suggesting their functional relevance during Drosophila development.
Alternative splicing events have also been described for other
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The Hox transcriptome at work 3 Drosophila Hox genes, such as Pb, Lab and Abd- B (Cribbs et al., 1992; Mlodzik et al., 1988; Kuziora and McGinnis, 1988) , although they have been studied in less detail. Altogether, these data clearly suggest that alternative splicing has the potential to play a relevant role in the modulation of Hox protein function.
Alternative splicing events have also been described for vertebrate Hox genes, but they seem to produce isoforms different from those observed in the fly. For instance, despite the essential role that the LR plays in the rib-promoting function of the mouse Hoxb6 protein (Casaca et al., 2016) , so far no splice variant affecting the LR size of this, or other vertebrate Hox protein, has been described. Conversely, the most typical splice variants observed for vertebrate Hox genes affect the production of protein products containing or lacking the HD. This is the case of both Hoxa1 and Hoxa9 where a portion of Exon I can undergo an additional splicing event, causing a shift in the reading frame that would produce truncated versions of the Hox proteins lacking the HD ( Fig. 1B ) (LaRosa and Gudas, 1988; Fujimoto et al., 1998) . Importantly, the Hoxa9 transcript coding for the truncated protein has been detected in mouse, chicken and human tissues at both embryonic and adult stages (Dintilhac et al., 2004) .
A possible role for the truncated Hoxa1 variant was investigated through biochemical approaches (Fernandez and Gudas, 2009) . These in vitro studies showed that the truncated Hoxa1 variant interacts directly with the full-length isoform, and indirectly with its cofactor Pbx1, and that this interaction could interfere with the activity of the full-length Hoxa1 during stem cell differentiation. An equivalent role for the truncated form of Hoxa9 was suggested by the observation that it can bind the Hoxa9 cofactor CBP (CREBbinding protein) as efficiently as the full-length Hoxa9 (Dintilhac et al., 2004) , which was consistent with a dominant-negative function for the short isoform. The dominant-negative activity of the truncated Hoxa9 protein is, however, not consensual as two other studies proposed that this Hoxa9 isoform can assist the full length protein in its leukemogenic potential (He et al., 2012 and Stadler et al., 2014) .
Additional alternatively spliced mRNAs from the Hoxa9 gene have been isolated from both mouse and human samples, containing an extra 5' coding exon (Exon X) directly linked to Exon II ( Fig. 1B ) (Borrow et al., 1996; Kim et al., 1998) . Similarly, a non-canonical Hoxa10 mRNA was isolated from E15.5 mouse liver, containing an extra 5' exon (Exon X) linked to the canonical Exon II of the Hoxa10 gene. Such mRNAs from both Hoxa9 and Hoxa10 containing this alternative exon combination have open reading frames (ORFs) coding for Hox protein variants composed of the HD linked to a small N-terminal region. Whether these proteins are indeed synthesized, as well as their possible functional roles, remain to be investigated. In this regard, we have previously shown that a mutant Hoxa10 lacking most of its N-terminal region is unable to block rib formation in the mouse axial skeleton (Guerreiro et al., 2012) , which contrasts with the strong rib-repressing properties of the full-length protein (Carapuço et al., 2005) .
Other studies have suggested that Hox protein variants lacking the HD might also exist, but resulting from a mechanism distinct from the ones described above. In particular, truncated proteins from HOXA1 and Hoxb6 would originate not from an extra splicing event, but rather from the unspliced variant of the mRNA, still containing the intron (Chariot et al., 1995; Shen et al., 1991) . The identification of unspliced Hoxb6 transcripts at levels that can be detected by Northern blotting or RNAse protection assays indicated that a considerable part of the original transcript might not be immediately spliced. Furthermore, these unspliced transcripts are distributed according to specific spatiotemporal expression patterns in both embryonic tissues and adult organs of mouse and human origin (Shen et al., 1991; Mathews et al., 1993) . The presence of an in frame UGA stop codon in the intron just six nucleotides past the splice junction would result in the production of a truncated protein similar to the N-terminal region of Hoxb6 but lacking the homeodomain (Fig. 1C) . Support for the translation of such truncated HOXB6 protein was obtained by Komuves and colleagues (2000) when studying the differentiation of human epidermis. Using two different antibodies, one recognizing both protein isoforms and the other specific for the HD-containing isoform, immunostaining experiments on skin samples indicated that the truncated HOXB6 protein was expressed in the cytoplasm of undifferentiated keratinocytes, while the full-length protein was induced upon differentiation and entered the cell nucleus (Komuves et al., 2000) . This supports the hypothesis that alternatively-spliced Hox mRNAs can generate distinct proteins.
While the above-discussed observations seem to indicate that a HOXB6 truncated isoform is indeed synthesized in animal tissues, conclusive evidence for the actual occurrence of isoforms of other Hox proteins is still missing. In particular, the studies evaluating the properties of the different Hox isoforms that we have reviewed here (such as the Hoxa9 and Hoxa1 truncated proteins), were performed in stable cell lines forced to express the truncated proteins using constructs containing the already spliced cDNA (Fernandez and Gudas, 2009; Stadler et al., 2014) . In addition, the authors reported some technical problems in identifying Hox proteins other than the full-length (Fernandez and Gudas, 2009), further complicating the interpretation of those experiments. Therefore, additional and more conclusive experimental data concerning the protein products derived from variant mRNAs, as well as the biological contexts where they are synthesized, will be instrumental to clarify the full potential of Hox genes.
Polycistronism increases Hox mRNA diversity
The Hox cluster architecture, with tandemly organized genes, provides a suitable environment for the production of polycistronic transcripts. The first case of Hox polycistronism was reported almost 30 years ago, with the observation that the mouse Hoxc4, Hoxc5 and Hoxc6 genes may be transcribed as part of a single unit (Simeone et al., 1988) . This composite transcript would then be alternatively processed to give rise to three mature mRNAs with common 5'UTRs but containing the ORFs coding for the different Hox proteins.
Over the years, analyses of transcriptional profiling have identified a considerable number of polycistronic RNAs synthesized from the mammalian Hox clusters (Mainguy et al., 2007; Brunskill and Potter, 2012) . A well-studied case involves the mouse Hoxa5 locus (Coulombe et al., 2010) . During embryonic development, overlapping transcripts are synthesized from this region of the HoxA cluster, due to the use of multiple promoters and distinct splicing events. Importantly, some of the resulting transcripts are bicistronic, containing both the Hoxa6 and Hoxa5 coding sequences. Experiments in cultured cells showed that translation from this polycistronic transcript was restricted to the Hoxa6 ORF, i.e. the one located closer to the 5' end of the transcript. Since multiple translation events seem not be occurring from this specific Hox polycistronic transcript, it might represent an alternative regulatory strategy to control Hox gene transcription, eventually following a mechanism similar to those associated with lncRNAs.
Events of alternative splicing in polycistronic transcripts may also produce hybrid Hox protein-coding sequences. A particular case of such hybrid Hox transcript was described by Benson et al., (1995) who detected a transcript containing the 5' exon of Hoxa10 spliced to the HD-containing exon of the adjacent Hoxa9 gene. Exon sharing was also described for zebrafish with the identification of an exon located far upstream of the hoxb4a locus used by both hoxb4a and hoxb3a genes (Hadrys et al., 2004) to produce distinct transcripts upon being spliced to either hoxb4 or hoxb3 exons (Hadrys et al., 2004; Hadrys et al., 2006) . However, translation into the corresponding proteins was not directly analyzed, and thus the relevance of exon sharing between Hox genes is still to be clarified.
There is no evidence of polycistronism in Drosophila, probably due to the widely spaced nature of Hox genes within the fly clusters, contrary to the tightly clustered vertebrate Hox genes (Duboule, 2007) . Nevertheless, bicistronic Antp/Ubx transcripts have been described in other arthropods, such as crustaceans (Shiga et al., 2006) and myriapods (Janssen and Budd, 2010), which suggests their possible importance in diverse arthropod lineages.
Untranslated regions in the control of Hox protein levels
A close analysis of published data shows that the patterns of Hox protein expression do not always correlate with the expression of the corresponding mRNAs (Nelson et al., 1996; Brend et al., 2003) , suggesting that Hox gene regulation might also occur at the translational level. Some of this regulation relies on specific characteristics of the untranslated regions (UTRs) of their mRNAs, which have been shown to be instrumental in post-transcriptional regulatory processes. 3'UTRs, for instance, are frequent miRNAs targets, involved in the modulation of mRNA stability and protein translation (reviewed in Bartel, 2018; Section 4), suggesting that differential mRNA processing can lead to the formation of 3'UTRs carrying substantially distinct instructions.
The Drosophila Ubx transcripts represent an interesting example of how alternative 3'UTR RNA-processing influences gene regulation. Thomsen and collaborators (2010) observed that during Drosophila development, Ubx mRNAs are polyadenylated at two alternative positions, producing transcripts with different 3'UTRs (short and long isoforms). Remarkably, the transcripts with shorter 3'UTR are less susceptible to miRNAs regulation (Bender 2008; Thomsen et al., 2010) and therefore more stable. Together with the finding that short and long isoforms exhibit distinct spatiotemporal expression patterns during fly development, this clearly suggests an important contribution of 3'UTR processing in the regulation of Ubx gene expression. Moreover, Antp, Abd-A or Abd-B can also generate transcripts with various 3'UTR lengths (O'Connor et al., 1988; Sánchez-Herrero and Crosby, 1988; Celniker et al; 1989) , each with a distinct spatiotemporal distribution in the embryo , suggesting that gene regulation by alternative 3'UTRs, might be a general strategy adopted for Drosophila Hox genes.
For mammalian Hox genes, there is no evidence of coordination between polyadenylation and 3'UTR lengthening. However, it has been reported that in general 3'UTRs tend to be longer as embryonic development progresses (Ji et al., 2009) . Also, alternative polyadenylation sites were identified in the Hoxa4 and Hoxa7 3'UTRs (Yekta et al., 2008) . While some experimental validation is needed, it is tempting to speculate a general regulatory mechanism in Hox genes involving coordination of processes affecting alternative polyadenylation and miRNAs.
5'UTRs can also contain several regulatory elements that affect the translation of transcripts. In general, these consist of a variety of cis-regulatory sequences, including binding sites for regulatory factors, upstream ORFs (uORFs), internal ribosomal entry sites (IRES) or translational inhibitory elements (TIEs) (Xue and . For this reason, variations in 5'UTRs can also function as important switches to regulate protein translation.
Multiple promoters for a given gene, which is a common theme among Hox genes, can generate transcripts containing the same ORF but different 5'UTR lengths and characteristics. This seems particularly relevant for Hox mRNAs, since their 5'UTRs often contain multiple uORFs, known to interfere with cap-dependent translation (Kozak et al., 2005) . The various 5'UTRs may diverge in the number of uORFs, and therefore have differential impact on protein production from their main coding region.
In addition to the canonical cap-dependent translation, protein synthesis from eukaryotic mRNAs can be driven by internal ribosomal entry sites (IRES) in their 5'UTR. IRES were initially described as part of the mechanism of picornaviruses to take control of the cell's translational machinery (Pelletier and Sonenberg, 1988) . Shortly after the discovery of this element, studies performed in Drosophila cells and transgenic flies described the occurrence of IRES in the long 5′UTRs of Antp and Ubx (Oh et al., 1992; Ye et al., 1997) . Notably, the IRES activities associated with these Hox genes are developmentally regulated (Ye et al., 1997) , indicating that translational control may be a strategy adopted by Drosophila to modulate Hox protein production. Unfortunately, the biological relevance or mechanistic details of the Drosophila Hox IRES has so far not been further evaluated.
In the mouse, however, recent data showed that IRES might play important roles in Hox mRNA translation. Work from the Barna group led not only to the discovery of IRES in the 5'UTRs of HoxA mRNAs, but also showed that these IRES could enable translation of Hox transcripts in areas where cap-dependent translation was locally inhibited . It is important to mention that a previous study had proposed a regulatory function for the ribosome in the differential translational control of Hox genes. In particular, it was shown that deficiency in ribosomal protein L38 (RPL38) led to reduced translation of a subset of Hox mRNAs, while global protein synthesis was not perturbed (Kondrashov et al., 2011) . These observations provided the basis to explain the patterning defects of mouse mutants for the Rpl38 gene, which resembled those associated with mutations in Hox genes. In addition, they suggested differential requirement of various Hox transcripts for RPL38 integrity within the ribosome (Kondrashov et al., 2011 ). Interestingly, Xue et al., (2015 have demonstrated that Rpl38-dependent translation of Hox mRNAs relies on the presence of IRES sequences within their 5'UTRs.
Another important finding from this work was that Hox mRNAs have the ability to inhibit cap-dependent translation in order to favor IRES-mediated translation. This property seems to depend on specific inhibitory sequences known as translational inhibitory elements (TIEs), that have been identified in the 5'UTRs of IRES-containing Hox mRNAs. However, the mechanism underlying TIE activity is still unclear. One possibility is suggested by a report showing that 4EHP (mRNA cap-binding eIF4E-related protein) contributes to the repression of Hoxb4 mRNA translation by binding to the RNA-binding-protein Prep1 (Villaescusa et al., 2009 ). Prep1 would act as a bridge linking the 3'UTR of the Hoxb4 mRNA to 4EHP that in turn would bind to the 5' cap structure. Recently, a more general role of 4EHP as translational repressor was reported by showing that it makes part of the miRNA-dependent translational repressor machinery complex promoting the formation of a closed-loop structure that approximates the mRNA 3'UTR to the 5' cap, blocking translation (Chapat et al., 2017) . Whether Hox TIEs participate in this or a similar mechanism to inhibit cap-dependent mRNA translation, still needs experimental evaluation.
Phua et al.,2011) described the presence of an uncapped Hox mRNA species. These researchers showed that when the Hoxd4 mRNAs is first produced, it can either be capped and spliced, or spliced and then cleaved by the Drosha RNAse, in coordination with the release of a miRNA from the 5' region of the transcript. Quite interestingly, the shorter 5'UTR is not capped, which could hinder the cap-dependent translation of this mRNA. Moreover, contrary to other Hox mRNAs, the 5'UTR of this uncapped transcript does not contain IRES activity. Further experimental analysis may help to elucidate whether Drosha processing represents an additional strategy to regulate Hox gene expression.
Hox-associated long noncoding RNA
In the last decade, it has become evident that Hox clusters are heavily enriched in long noncoding RNAs (lncRNAs), that is, transcripts of >200 nucleotides with no discernable protein-coding potential (Rinn et al., 2007; Sessa et al., 2007; Mainguy et al., 2007; Sasaki et al., 2007; De Kumar et al., 2015) . Some of the first lncRNAs were described within the bithoraxoid (bxd) region of Drosophila BX-C (Lipshitz et al., 1987; Sanchez-Herrero and Akam, 1989; Cumberledge et al., 1990) . Subsequently, sequencing and in situ hybridization screening have demonstrated pervasive transcription of spatially restricted lncRNAs from both strands of the BX-C cluster (Bae et al., 2002 , Petruk et al., 2006 Pease et al., 2013) and emerging evidence of lncRNAs arising from the ANT-C cluster (Pettini and Ronshaugen, 2016) . Similarly in vertebrates such as humans and mouse, spliced unannotated transcripts are broadly transcribed from all four Hox clusters (Mainguy et al., 2007, reviewed De Kumar and Krumlauf, 2016) , with many of these exhibiting evolutionary conservation suggestive of function. Considerable effort has been made to understand whether this extensive noncoding transcriptional output represents noise associated with clustered loci harbouring strong enhancers, or rather, denotes a mechanism that adds to the regulatory toolbox controlling Hox output. Accumulating evidence, at least at the molecular level, supports the latter hypothesis. In Fig. 2 we summarize the lncRNAs located within or flanking the different Hox loci that have been shown to regulate Hox expression. Various modes of action are associated with these lncRNAs, including consequences relating to the process of transcription of the gene/loci itself, functionality of the noncoding RNA transcript and/or enhancer function. In this section, we will use key examples to demonstrate the breadth of mechanisms utilized by Hox-associated lncRNAs.
LncRNA: modes of action
Hox-associated lncRNAs have been shown to act in cis or trans, implying that they affect Hox genes from the same or different clusters, respectively. Clear trans-acting examples include the minority of Hox-associated lncRNAs that produce miRNAs (the relevance of which will be further explored in the next section). It is important to note however, that many Hox-embedded miRNAs are produced from long transcripts, such as Drosophila iab-8, which spans at least 120Kb (Bae et al., 2002; Bender, 2008) . From a cellular perspective, the generation of such long transcripts to merely obtain short miRNA molecules seems an inefficient strategy to adopt. It is therefore possible that miRNA-harbouring lncRNAs may have additional regulatory roles yet to be uncovered. A more controversial trans-acting example is that of HOTAIR, a lncRNA generated from the intergenic region between HOXC11 and HOXC12, first identified in humans (Rinn et al., 2007) and shown to be conserved in mice (Schorderet and Duboule, 2011) (Fig. 2) . Numerous studies demonstrate that HOTAIR/Hotair binds to the Polycomb repressive complex 2 (PRC2) in cells from distal anatomical regions (i.e. foot fibroblasts or tail tip fibroblasts) and also indicate that this lncRNA functions in trans to repress expression of HoxD genes (Rinn et al., 2007; Khalil et al., 2009; Tsai et al., 2010) . Supporting this, Hotair inactivation in mice by generating a 4 kb genomic deletion led to derepression of HoxD gene expression, minor limb malformations and homeotic transformation of the last lumbar vertebral element (Li et al., 2013) , the latter being consistent with the expected phenotype resulting from mild precocious posterior Hox gene activation (Boulet and Capecchi, 2002) . The conclusions from this study have recently been challenged. Using the same Hotair deletion mouse mutant on an outbred background, and performing genomic analyses on embryonic tissue instead of tail tip fibroblasts, the authors did not observe the same molecular or morphological outcomes (Amandio et al., 2016) , indicating that Hotair does not regulate lumbo-sacral patterning, nor HoxD suppression in trans. Therefore, Hotair appears to have, at best, a relatively minor role in early embryonic development, and the function of Hotair as a trans repressor of HoxD expression remains debated.
Many cis-acting Hox-associated lncRNAs have been reported in both vertebrates and invertebrates. The Drosophila sense-transcribed bxd lncRNA has been shown to repress Ubx expression, likely by transcriptional interference (Petruk et al., 2006; Pease et al., 2013) . However, loss of bxd expression by promoter inversion did not result in overt phenotypic alterations (Pease et al., 2013) , a rather surprising finding given the complex array of alternatively spliced lncRNAs produced from the locus. In the mouse, four antisense transcripts have been identified initiating either upstream or from within the first exon of Hoxa11 (Hoxa11as-a and Hoxa11as-b, respectively) (Hsieh-Lie et al., 1995; Potter and Branford, 1998; Kherdjemil et al., 2016) . Loss of Hoxa11as-b expression led to an expansion of Hoxa11 sense transcription into the distal part (autopod) of the developing mouse limb (Kherdjemil et al., 2016) , a region normally devoid of Hoxa11 expression (Hsieh-Lie et al., 1995) . Intriguingly, proximal restriction of Hoxa11 is not observed in the fin buds of teleost and other fish (Sakamoto et al., 2009; Davis et al., 2007 , Metscher et al., 2005 , which correlates with the reported absence of an enhancer shown to be important for Hoxa11as-b expression (Kherdjemil et al., 2016) . Combined with the observation that ectopic distal Hoxa11 expression results in polydactyly, these data suggest that the appearance of Hoxa11as provided a mechanism to restrict Hoxa11 expression from the distal limb, contributing to the emergence of the wrist and ankle joints as well as pentadactyly in tetrapods. Mechanistically, Hoxa11as does not appear to act via sense-antisense pairing of RNA transcripts nor via promoter interference (Kherdjemil et al., 2016; Chau et al., 2002) and thus exactly how this lncRNA exerts its inhibitory effect is yet to be determined.
The role of lncRNAs in chromatin remodelling
The role of lncRNAs in eliciting chromatin alterations has been well established in both humans and mice (Luo et al., 2016; Quinn and Chang, 2016; Nakagawa et al., 2014 (references herein); Khalil et al., 2009 ). This can be achieved through the recruitment of histone modifying complexes by the lncRNAs, or by setting up topological domains that facilitate or maintain correct interactions between enhancers and genes. (Wang et al., 2011; Ørom et al., 2010) . Within the vertebrate Hox clusters, Hottip is a good example of a two-tiered mode of action, as both the lncRNA gene locus and the noncoding RNA transcript play a role in chromatin remodelling and recruitment of histone modifiers to facilitate the transcription of neighbouring Hox genes. Located upstream of Hoxa13 in both mice (Fig 2; Sasaki et al., 2007; Wang et al., 2011) and humans (Rinn et al., 2007; Wang et al., 2011) , Hottip recruits the MLL complex via binding to Wdr5, resulting in the deposition of H3K4me4 marks on 5' HoxA genes and thus keeping them transcriptionally active (Wang et al., 2011; Pradeepa et al., 2017) . Additionally, chromatin conformation capture technology identified physical interactions between the Hottip locus and 5' HoxA genes by chromatin looping (Wang et al., 2011) . The importance of these interactions is underpinned by the observation that ectopic expression of Hottip RNA does not activate expression of 5' HoxA genes, nor rescues their expression in cells in which the endogenous Hottip had been deleted (Wang et al., 2011) . A similar dual mechanism was observed for HoxBlinc, a lncRNA regulating the activation of nearby 3' HoxB genes during hematopoietic and cardiac cell lineage specification (Deng et al., 2016) . Whether chromosomal looping and transcription of the lncRNA proceed following a specific temporal sequence (i.e. one of them preceding the other), or if both occur concomitantly is currently not known.
An enhancer-like function has been demonstrated for a particular transcriptional start site (TSS) shared by Hog and Tog, two divergent lncRNAs flanking the HoxD cluster (Delpretti et al., 2013) . These lncRNAs are exclusively transcribed in the developing cecum and are required for correct activation of specific HoxD genes that pattern this region (Delpretti et al., 2013) . This includes proper temporal activation of Hoxd4 to Hoxd11 genes while keeping Hoxd12 and Hoxd13 silent. At least eight enhancers have been identified in the gene desert spanning the telomeric region including the TSS of Hog and Tog, which physically interact with the HoxD genes, in particular Hoxd4 and d11 (Delpretti et al., 2013) . These interactions were lost upon inversion of the HoxD cluster and led to decreased Hox gene expression, indicating that changing the distance between HoxD genes and the region around Hog and Tog can modify chromatin topology, thereby affecting the activation of the Hox genes. This is underpinned by the ectopic activation of Hoxd12 and d13 in the inversion mutant, suggesting that the changed chromatin microarchitecture now allows Hoxd12 and d13 to interact with activating enhancers and induce their expression (Delpretti et al., 2013) . Whether Hog/Tog transcripts are purely a by-product of this physical interaction or are actively involved in setting up the chromatin interaction and looping remains to been addressed.
Competing endogenous RNA
Finally, emerging data indicates that some lncRNAs might function as miRNA sponges, i.e. competing endogenous RNAs (ceR-NAs). Indeed, the Hox-associated lncRNAs HOTAIR and HOTTIP have been implicated as sponges for several miRNAs in various cancers (Luan et al., 2017 , Ma et al., 2017 Sun et al., 2017 and Liu et al., 2014 , but their function as sponges to regulate Hox gene expression during embryonic development remains to be explored.
Together, accumulating data have shown that lncRNAs are multifaceted molecules working within different layers of Hox gene regulation. The evolutionary conservation of many Hox-associated lncRNAs from human to mouse (De Kumar and Krumlauf, 2016), suggests functional importance. However, while robust changes in Hox expression have clearly been associated with lncRNAs, much work is still required to evaluate their relative functional relevance in developmental outputs reliant on Hox networks.
Hox-embedded miRNAs shaping Hox cluster output
MicroRNAs are found in all annotated bilaterian Hox clusters. These short noncoding RNAs act to repress gene expression posttranscriptionally, by deploying the RNA-induced silencing complex to target transcripts in a sequence-dependent manner (reviewed in Bartel, 2018) . Hox-embedded miRNAs have a plethora of target transcripts, however, it is clear that across species, Hox genes themselves are present and often enriched within target gene lists (Yekta et al., 2008) . Moreover, there is now ample evidence that the function of Hox-embedded miRNAs is essential for a wide range of developmental processes and aberrant in numerous pathological states. In this section, we review the evolution, expression and functional assessment of Hox-embedded miRNAs.
Evolutionary acquisition of Hox-embedded miRNAs
MicroRNAs have continually been acquired within Hox-clusters over the course of evolution (reviewed in Heimberg and McGlinn, 2012) . Drosophila Hox clusters house four miRNAs; miR-10, miR-993, miR-iab-4 and miR-iab-8 (Fig. 2) . miR-10 is common to almost all bilaterian animals, likely arising soon after the cnidarian-bilaterian split and expanding throughout the lineages. This expansion includes the protostome-specific miR-993, a miR-10 family member. In most arthropods, miR-iab-4 and miR-iab-8 are located between abd-A and Abd- B (Aravin et al., 2003; Miura et al., 2011; Ronshaugen et al., 2005) . These miRNAs are transcribed bidirectionally, miRiab-8 representing the antisense transcript of miR-iab-4, with all four mature miRNAs generated from this locus being highly conserved (Miura et al., 2011; Ronshaugen et al., 2005) . Murine Hox clusters house six miRNAs; miR-10a, miR-10b, miR-196a1, miR-196a2, miR-196b and miR-615 (Fig. 2) . The genomic position of miR-10, between Hox4 and Hox5 orthologues, has been conserved from fly to mouse. miR-196 arose at the base of chordates and urochordates, while miR-615 is conserved across eutherian mammals. As a general statement, once miRNAs have been acquired within Hox clusters, they are often fixed in the genome, consistent with what has been observed for miRNAs more broadly (Sempere et al., 2006; Wheeler et al., 2009) . Moreover, when comparing Hoxembedded miRNA acquisition across a range of vertebrate and invertebrate species (reviewed in Heimberg and McGlinn, 2012) , it becomes apparent that the positioning of miRNAs relative to the Hox genes may not be random (Yekta et al., 2008) . For example, vertebrate miR-196 occupies a similar, though not syntenic, position to miR-iab4/8 in arthropods. Perhaps more strikingly, miR-10 has been duplicated in the basal chordate Amphioxus, with two additional miR-10 copies located at similar positions occupied by miR-615 and miR-196 in vertebrates (Campo-Paysaa et al., 2011) . A similar duplication and positioning of miR-10 in the evolutionarily distant Capitella telata (Wheeler et al., 2009) supports the view that the genomic position of Hox-embedded miRNAs is important.
Regulated expression of Hox-embedded miRNAs
In the vertebrate Hox clusters, ample evidence suggests cotranscription of Hox-embedded miRNAs with neighboring Hox genes. Transcripts containing Hoxb4 and miR-10a or Hoxd4 and miR-10b have been identified in mouse cell lines and in human datasets (Phua et al., 2011; Mainguy et al., 2007) , while in zebrafish, miR-10c was identified as a polycistronic transcript together with HoxB3a, originating close to the HoxB5a transcriptional start site (Woltering and Durston, 2008) . Additionally, miR-10a expression was also shown to be under the control of a proximal promoter during smooth muscle differentiation in mouse , although its relevance in other tissues remains unexplored. Notably, the spatio-temporal expression of miR-10a recapitulates the pattern of Hoxb4 during mouse development, in agreement with co-transcriptional expression (Mansfield et al., 2004 ; For a detailed description of all Hox-embedded miRNA expression patterns, see Mansfield and McGlinn, 2012) . For miR-196, there is evidence indicating both polycistronic transcription with neighboring Hox genes (Mainguy et al., 2007) as well as individual transcription starting from an autonomous promoter (Fantini et al., 2015) . Which of the two mechanisms represents the major form of miR-196 transcription remains unexplored. Certainly however, reporter gene expression driven from individual miR-196a paralog loci is consistent with their collinear activation relative to adjacent Hox9/10 paralogs (Wong et al., 2015) , with clear differences in the timing of miR-196a1 and miR-196a2 activation reflecting differences in individual cluster dynamics. miR-615, genomically positioned within the Hoxc5 intron, is assumed to be co-expressed with Hoxc5 in a single transcript. Nonetheless, integrated sequencing data indicates the existence of a miR-615 autonomous promoter located within the coding sequence of Hoxc5 (Quah and Holland, 2015) . Evidence exists for both concordant and discordant expression between the host gene and the miRNA, supporting both intron processing and independent transcription in the generation of miR-615. The spatial expression pattern of miR-615 during mouse development is yet to be assessed, although whole-body RNA-seq data indicates that miR-615 expression increases throughout mouse embryonic development and is sustained in newborns (Quah and Holland, 2015) .
Unlike vertebrates, Drosophila Hox miRNAs do not seem to be co-transcribed with Hox genes but rather, they are part of long noncoding transcripts. miR-10, for instance, originates from a 7.5 kb polyadenylated transcript (Lemons et al., 2012) . Alternative splicing of the primary miRNA transcript has been observed, producing identical mature miRNAs, with an underlying regulatory function yet unknown (Qian et al., 2011) . miR-iab-4/8 stem from within long sense and antisense transcripts (iab-4 and iab-8; Bender, 2008; Tyler et al., 2008 , Lemons et al., 2012 . Different splice isoforms of iab-8 have been detected, exclusively expressed in embryos and adult male flies, eg. male-specific abdominal (Graveley et al., 2011) . For both miR-iab-4 and miR-iab-8, the 5p arm represents the dominant mature miRNA (Aravin et al., 2003; Bender, 2008; Ruby et al., 2007; Stark et al., 2008; Tyler et al., 2008) . The posterior expression patterns of mir-iab-4 and miR-iab-8 during development are in register with their genomic positioning, though interestingly, the two miRNAs exhibit no spatial overlap (Bender, 2008; Ronshaugen et al., 2005; Stark et al., 2008; Tyler et al., 2008; Garaulet et al., 2014) . This mutual exclusion established at the boundary of abdominal segment precursors of A7 and A8 may result from cross-repressive mechanisms such as transcriptional interference or mature miRNA annealing (Stark et al., 2008) .
Post-transcriptional processing of primary miRNA transcripts can be regulated at multiple steps, resulting in diversification of mature miRNA transcripts within and between species. This is particularly evident for the miR-10 family where both the 3p-and 5p-arms are processed to maturity and expressed in different ratios across species, an event known as arm switching (Landgraf et al., 2007; Lim et al., 2003; Ruby et al., 2007; Stark et al., 2007; Wheeler et al., 2009; Griffiths-Jones et al., 2011) . Seed shifting and RNA editing are additional processing mechanisms that generate variety in mature miR-10 species born from a single transcript (Marco et al., 2010; Wheeler et al., 2009) .
Functional assessment of Hox-embedded miRNAs
The genomic positioning of Hox-embedded miRNAs becomes particularly relevant when considering their predicted Hox targets (Yekta et al., 2008; Woltering and Durston, 2008) . In vertebrates, the predicted Hox-targets are either biased (miR-10) or exclusively (miR-196) positioned more 3' (proximal) than the miRNA (Fig. 2) . In Drosophila, the same can be observed for miR-iab-4/8, though miR-10 predicted Hox targets are biased more 5' (distal) relative to the miRNA (Fig. 2) . Given the intrinsic collinear expression pattern of Hox-clusters genes along the anterior-to-posterior (A-P) axis, this suggests a complex spatio-temporal interplay between the miRNAs and their Hox targets with examples of both overlapping and non-overlapping miRNA-target expression patterns observed, and a function in A-P patterning predicted.
Despite predictions, there is little evidence for a strong developmental function for miR-10 across species. Predicted miR-10 target binding sites in Ubx and Abd-B are evolutionarily conserved across Drosophilids suggesting functionality, however gain-of-function approaches did not demonstrate significant targeting in vivo (Lemons et al., 2012) . Moreover, miR-10 locus deletion in Drosophila does not change the levels or spatial pattern of Abd-B protein, though phenotypic characterisation was not presented for this line (Lemons et al., 2012) . In vertebrates such as zebrafish, miR-10 synergises with HoxB4a in the molecular repression of hoxB1a and hoxB3a in vivo (Woltering and Durston, 2008) , demonstrating a coordinated, co-transcribed, system that represses an anterior Hox program. However, miR-10 gain-of-function resulted in relatively minor neural patterning defects and miR-10 loss-of-function phenotypes were not apparent (Woltering and Durston, 2008) . In mouse, genetic deletion of miR-10a has been characterised in the context of disease, with enhanced susceptibility to intestinal neoplasia demonstrated (Stadthagen et al., 2013) . The generation of miR10a/b compound mouse knockouts awaits.
In contrast, Drosophila exhibits a stage-specific, essential, requirement for miR-iab4/8 in regulating Hox output, both at the molecular and phenotypic level. At embryonic stages, efficient posterior repression of Ubx and Abd-A requires minimal contribution from miR-iab4/8, consistent with the lack of overt A-P patterning defects observed in mutant flies (Bender, 2008) . Here, the action of posterior Hox gene Abd-B dominates, at least in the repression of Ubx. In the larval central nervous system however, the dominant mode of repression transitions to a miRNA-dependent one (Garaulet et al., 2014) , with significant phenotypic defects arising. These include sterility (Bender, 2008) and self-righting behavioural defects (Picao-Osorio et al., 2015) , downstream of altered Hox repression in separate motor neuron populations (Garaulet et al., 2014; Picao-Osorio et al., 2015) . A likely explanation for this stage-specific repression of Hox targets by miR-iab4/8 is the elegant avoidance strategy described in Section 2, whereby dynamically regulated 3'UTR processing initially precludes many miRNA binding sites from the Hox transcript, with subsequent incorporation as development proceeds . However, overexpression of exogenous miR-iab-4 was capable of transforming halteres to wings (Ronshaugen et al., 2005) , a classic early Ubx loss of function phenotype, reinforcing that miRNA-target cellular coexpression and/or levels of the miRNA are also critical parameters. Together, these data demonstrate a critical, albeit later than anticipated, role for miR-iab4/8 in controlling functional Hox output. It is interesting to note that Drosophila is a long germ insect where segments arise simultaneously, in contrast to insects such as the red flour beetle Tribolium castaneum, where segmentation happens in a posterior growth zone. As such, it would be interesting to assess whether Hox-embedded miRNAs exhibit a more prominent early A-P patterning role in such species.
Analysis of vertebrate miR-196 has provided the clearest evidence to date for a classic homeotic functioning Hox-embedded miRNA. The miR-196 paralogs form a genomic posterior boundary for Hox genes known to pattern the thoracic region across vertebrates (Yekta et al., 2004) , and importantly, the majority of predicted Hox targets lie within this thoracic-forming region. Hoxb8 has been extensively characterised as a miR-196 target, being a unique example in animals of miRNA-directed endonucleolytic target cleavage (Mansfield et al., 2004; Yekta et al., 2004) . Consistent with predictions that miR-196 may establish or reinforce posterior Hox boundaries, over-expression and knockdown studies have shown important roles for miR-196 in clearing unwanted Hoxb8 in the developing neural tube and hindlimb (Asli and Kessel, 2010; Hornstein et al., 2005) . Additionally, evidence exists for a function of miR-196 within the endogenous Hox target expression domain (McGlinn et al., 2009) . Our lab has generated the first complete allelic deletion series for the three miR-196 paralogs in mouse (Wong et al., 2015) . This allowed us to perform an unbiased molecular characterisation, revealing that 7 of the 10 predicted miR-196 Hox targets are statistically upregulated following loss
The Hox transcriptome at work 9 of miR-196 function at a time-point relevant to the generation of thoracic and lumbar vertebrae (Note: some target predictions have changed in the latest version of Targetscan ). Compound knockout of miR-196 paralogs demonstrated a dose-dependent, non-redundant, role for miR-196 in restricting the number of thoracic elements (Wong et al., 2015) . Surprisingly, we also observe a role in restricting the total number of vertebral elements, a phenotype difficult to reconcile with previous Hox literature, though a phenotype consistent with morpholino knockdown of miR-196 in zebrafish (He et al., 2011a/b) . Whether this latter phenotype arises due to the observed global posterior shift in Hox code (Wong et al., 2015) and thus delayed activation of "terminator" Hox13 paralogs, or whether miR-196 acts on additional signalling pathways in this context remains to be elucidated. The recent observation that 5' posterior Hox genes directly activate miR-196b transcription in vivo (Fantini et al., 2015) highlights miRNA activity as a novel mechanism whereby a posterior Hox protein represses the activity of a more anterior Hox program (ie. posterior prevalence).
miR-615 has no current obvious link in regulating Hox output during development, though interestingly, both miR-615 and the product of its host gene Hoxc5 were found to repress the telomerase subunit hTERT during cellular differentiation (Yan et al., 2018) . This provided another example of a coordinated, co-transcribed, system whereby a Hox protein and a Hox-embedded miRNA repress gene function at different levels.
Concluding remarks
Over the years, Hox research has significantly focused on the transcriptional regulation of Hox genes, more specifically their conventional Hox coding transcripts, and how the resulting proteins control developmental and pathogenic processes. However, emerging data shows that Hox clusters exhibit remarkable transcriptional complexity, in such a way that one genomic sequence can be incorporated into distinct types of transcripts, either coding or noncoding, sense or antisense. This, together with multiple RNA processing mechanisms, results in a highly diverse Hox transcriptome, including alternatively spliced mRNAs, multifunctional lncRNAs and miRNAs targeting multiple genes. Clearly, the production of these RNA species from the Hox clusters is not a byproduct of the complex transcriptional activity occurring within a rather unconventional chromosomal region packed with genes that should be produced according to very precise spatial and temporal patterns. Just the opposite, the association of distinct transcriptomic profiles with specific biological processes, together with the functional characteristics of these various transcripts indicate that they must be an integral component of the mechanisms guiding proper production of Hox proteins (or variants of those), most likely the main ultimate effectors of Hox function. The study of those transcripts, and particularly their functional relevance, has been complicated by the scarcity of methods allowing efficient interference with the normal activity of those gene products in relevant biological contexts. The emergence of new gene editing technologies, together with the fast improvement of high throughput methods and the refinement of bioinformatic predictive and analytic capabilities, will help in evaluating the real dimension and impact this complex transcriptome has on the activities regulated from the Hox clusters.
